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Abstract
Vaccination is the most effective method for the prevention of influenza virus infection. Currently used influenza vaccines 
that target the highly polymorphic viral surface antigens can provide protection when well matched with circulating virus 
strains. Antigenic drift or cyclically occurring pandemics may hamper the efficacy of these vaccines, which are chosen 
prior to each flu season. Therefore, a universal vaccine, designed to induce broadly cross-protective immunity against the 
highly conserved internal antigens M1 and nucleoprotein could provide durable protection against various influenza virus 
subtypes, and it could also reduce the impact of pandemic influenza, which occurs less frequently. Here, we describe a new 
influenza vaccine candidate in which two highly conserved antigens, nucleoprotein (NP) and matrix (M1), are simultane-
ously expressed from a bicistronic vector termed pIRESM1/NP. Mice were immunized intradermally four times with the 
pIRESM1/NP construct. The protection efficacy of the gene-based vaccine was assessed by IFN-γ and Granzyme B ELISpot 
assays, follow-up observation of weight loss, and survival rates of the mice groups against lethal challenges with influenza 
A virus subtypes H1N1 and H5N1. The group that received pIRESM1/NP showed full protection against disease following 
lethal challenge with H1N1 and H5N1. This group also generated significantly higher host immune cellular responses than 
the other groups. These results demonstrate that a DNA vaccine strategy based on co-expression of the M1 and NP proteins 
could provide an effective way to control influenza virus infection.

Introduction

Eight decades have passed since the first development of a 
killed virus vaccine against influenza virus by Jonas Salk 
and Thomas Francis, but we still face the potential global 
risks of this virus [1]. Threats that were mainly due to muta-
bility, genetic reassortment and the cross-species transmis-
sion capability of this virus have occurred repeatedly over 
the past decades [2]. Antigenic variations enable the newly 
generated viruses to escape partially or absolutely from 
previously neutralizing vaccine-induced antibodies. These 
antibodies are reactive to subtype and often strain, and there-
fore, the current vaccination strategy based on neutralizing 
antibodies requires accurate prediction of which viral strains 
that will circulate during the influenza season [3]. In spite 
of the annual occurrence of seasonal influenza, the timing 
and severity of influenza pandemics are unpredictable. It is 
therefore necessary to develop a universal vaccine strategy 
to overcome increasing concerns about this highly conta-
gious air-borne virus [4].
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Although drastic variation is seen in the amino acid 
sequence of the viral surface antigens, which in some cases 
can reach up to 40%, the amino acid sequences of influenza 
A matrix protein (M1) and nucleoprotein (NP) show more 
than 90% identity [5, 6]. Therefore, viral surface glycopro-
teins, HA and NA, are less likely to be suitable candidates for 
the development of a universal influenza vaccine. It has been 
demonstrated that the conserved M1 and NP antigens are the 
main targets of cell-mediated immunity against influenza 
virus infection [7, 8]. Hence, recent studies strongly suggest 
that M1 and NP could be good candidates for designing a 
universal influenza vaccine [9–18]. In addition, eliciting an 
immune response to highly conserved epitopes located in 
the HA stalk domain, has been shown to result in cross-
protective immunity [19]. While the traditional egg-based 
approach for producing influenza vaccines does not provide 
sufficient capacity and adequate speed to satisfy global needs 
to combat newly emerging strains, DNA vaccines based on 
the conserved antigens provides longer-lasting protection 
against multiple influenza subtypes [20–23]. Ulmer et al. 
(1994) showed for the first time that an NP DNA vaccine 
is capable of inducing cross-immunity against influenza A 
virus strains [24]. With outbreaks of H5N1 and H7N9 infec-
tions occurring in recent years, research has been performed 
on creating cross-reactive vaccines based on NP antigen and 
live attenuated vaccines [20, 25–28]. A combination of mul-
tiple proteins or epitopes has been used as a basis for design-
ing various vaccine forms, including recombinant subunit 
vaccines, DNA vaccines, and virus-vectored vaccines, to 
elicit a comprehensive immune response against influenza 
viruses of different subtypes [29–36]. In previous studies, 
coexpression and cotransduction of two or more genes have 
been used in gene therapy trials and in studies of prophylaxis 
against infectious agents to increase the efficacy of transduc-
tion and gene expression [37, 38]. Thus, our objectives for 
this study were [1] to construct a bicistronic DNA vaccine 
for coexpression of two conserved influenza virus A genes, 
M1 and NP, and [2] to evaluate its immune efficiency by 
comparing results from different DNA vaccine groups. In the 
absence of antigenically matched hemagglutinin-based vac-
cines, universal influenza DNA vaccination with conserved 
influenza genes may provide a useful first line of defense 
against a rapidly spreading pandemic virus [39].

Materials and methods

M1 RT‑PCR and NP PCR

The influenza A virus (strain A/Puerto Rico/8/34 (H1N1)) 
was propagated in MDCK cells, and viral RNA was extracted 
using a QIAamp Viral RNA Mini Kit (QIAGEN, Germany) 
and reverse transcribed into single-stranded cDNA using 

M-MuLV reverse transcriptase (Fermentas, Canada). The 
full-length viral M1 gene was amplified by PCR using High 
Fidelity Taq (Fermentas, Canada) and designed virus-spe-
cific primers (forward primer, 5′ GAC GGC TAG CATG AGT 
CTT CTA ACC GAG G 3′, NheI site in bold; reverse primer, 
5′ TAAA GAA TTC GAG GAT CAC TTG AAC CGT TGC 3′, 
EcoRI site in bold). PCR amplification of the full-length 
NP gene was done using as template the plasmid pCAGGS-
NP (NP plasmid), which was kindly provided by Dr. Kenji 
Ohba (Department of Molecular Virology, University of 
Tokyo, Japan). The primers used for the NP gene were (for-
ward primer, 5′ CTAA CCA CAA CCA TGG CGT CCC AAG 
GCA CCAA 3′ (BstXI site and Kozak sequence in bold) and 
reverse primer, 5′ CGGC GCG GCC GCTTA ATT ATC GTA 
TTC CTC TGC 3′ (NotI site in bold). For the efficient transla-
tion of NP, the forward primer contained a Kozak initiation 
sequence.

Eukaryotic expression plasmids construction

The plasmid pIRES2/M1 (M1 DNA) was constructed by 
cloning the PCR product of M1 into the expression vector 
pIRES2-EGFP (Clontech Laboratories Inc., Palo Alto, CA). 
pIRES2-NP was constructed by cloning the PCR product of 
NP, which was amplified from pCAGGS-NP, into the plas-
mid expression vector pIRES2-EGFP by replacing the eGFP 
fragment with a BstXI/NotI- digested NP PCR product. For 
the construction of the bicistronic plasmid pIRESM1/NP 
(M1/NP plasmid), the M1 gene was inserted into the NheI/
EcoRI cloning sites of the plasmid pIRES2-NP. The plas-
mids were propagated in Escherichia coli DH5-α bacteria 
and purified using an EndoFree Plasmid Mega Kit (QIA-
GEN). Double digestion with cloning enzymes was used for 
confirmation of cloning accuracy. The presence of BamHI 
restriction sites in both the NP and M1 genes allowed us to 
use this enzyme to confirm the accuracy of cloning. The 
nucleotide sequences of the M1 and NP genes were deter-
mined bidirectionally by the dideoxy method using specific 
primers and an ABI PRISM 377 DNA Sequencer (Applied 
Biosystems).

Indirect immunofluorescence assay

Simultaneous expression of both genes was assessed by 
transient transfection of eukaryotic cells with the bicis-
tronic plasmid and subsequent immunofluorescence stain-
ing. For this purpose, BHK-21 cells were transfected with 
pIRESM1/NP, pIRES2/NP and pIRES2/M1 plasmids using 
Lipofectamine 2000 CD (Invitrogen) according to the manu-
facturer’s instructions. After 48 h, the cells were washed 
with PBS, fixed with 4% paraformaldehyde, and permea-
bilized with Triton X-100. The cells were incubated with 
mouse monoclonal anti-M1 and anti-NP (1/30, AbCAM) in 
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different wells, followed by fluorescein-isothiocyanate-con-
jugated goat anti-mouse IgG (1/50, AbCAM). Finally, the 
intracellular expression of M1 and NP proteins was assessed 
by fluorescence microscopy.

Immunization schedule

Female BALB/c mice were obtained from the animal facili-
ties of the Pasteur Institute of Iran (Karaj, Iran). All experi-
ments were done with institutional approval. Mice were 
divided into five groups. Each group contained 22 mice. 
Fifty µg of plasmid DNA was injected intradermally into 
each mouse, four times at 2-week intervals, starting around 
6 to 8 weeks of age. Mice in groups I and II were each 
injected with 50 µg of pIRES2/M1 and pIRES2/NP, hereaf-
ter referred to as pM1 and pNP, respectively. Mice in group 
III were inoculated with a mixture of pM1 and pNP (100 µg/
mouse altogether) with a 1:1 molar ratio of the two plasmids, 
and mice in group IV were each injected with 50 µg of the 
pIRESM1/NP bicistronic plasmid. In the negative control, 
mice were immunized with pIRES2-EGFP.

H1N1 and H5N1 challenge

H5N1 (A/Vietnam/1194/04) and mouse-adapted H1N1 (A/
PR/8/34 or PR8) viruses were used for challenge experi-
ments. Calculation of the  CCID50 (50% cell culture infec-
tious dose) was performed with inoculation of serial 
log10 dilutions of the viruses onto Madin-Darby canine 
kidney (MDCK) cells. The  MLD50 (50% mouse lethal dose) 
was determined by the Reed-Muench method after intra-
nasal inoculation with different amounts of mouse-adapted 
lethal viruses. Two weeks after the last immunization, the 
mice were anaesthetized with ketamine/xylazine and chal-
lenged with 4  MLD50 of influenza virus by intranasal inocu-
lation with 50 µl of virus diluted in PBS buffer. Mortality 
and weight loss were monitored regularly for 14 days after 
challenge.

Splenocyte isolation

Two weeks after the last vaccination, 10 injected mice from 
each group were sacrificed, and their spleens were ground 
separately in a cell homogenizer. Red blood cells were 
lysed osmotically using ammonium chloride buffer (0.16 
M  NH4Cl, 0.17 M Tris). Cells were washed twice with 
complete RPMI-1640 medium containing 10% fetal bovine 
serum (FBS), 2 mM L-glutamine, and 100 µg of streptomy-
cin and 100 µl of penicillin per ml. Viable cells were counted 
by trypan blue (0.4% w/v) exclusion [40].

IFN‑γ ELISpot assay

Specific cellular immune responses were assessed using 
IFN-γ and Granzyme B ELISpot assays using mouse sple-
nocytes. An IFN-γ ELISpot Kit (R&D Systems, USA) was 
used according to the manufacturer’s instruction. Briefly, 
2 ×  105 splenocytes were incubated in monoclonal anti-
body-precoated wells with a mixture of H-2kd-restricted 
CTL epitope peptides of M1 (KAVKLYRKLKRE) and NP 
(TYQRTRALV) (10 µg/ml) for 24 h at 37 °C and 5%  CO2. 
Spot-forming cells (SFCs) were counted under a dissection 
microscope [41].

Granzyme B ELISpot assay

A Granzyme B ELISpot Kit (R&D Systems, USA) was used 
according to the manufacturer’s instructions. The P815-
1-1 (ECACC 85011406) target cells were incubated with a 
mixture of H-2kd-restricted CTL epitopes of influenza virus 
M1 and NP peptides (10 µg/ml) for 4 h at 37 °C and 5%  CO2. 
Then, target cells were co-cultured with 2 ×  106 splenocytes 
per ml as effector cells for 5 h in a 10:1 effector/target (F:T) 
ratio after cell removal by washing steps. Spot-forming cells 
(SFCs) were counted under a dissection microscope [41].

Statistical analysis

Body weight loss, antibody titer and granzyme B/IFN-γ 
release (ELISpot assay) results were analyzed by Stu-
dent’s  t-test and one-way ANOVA followed by Tur-
key’s and post hoc tests. Survival rates were analyzed by 
Kaplan–Meier and log-rank tests. Differences were consid-
ered statistically significant when P was less than 0.05.

Results

Confirmation of cloning and expression 
in eukaryotic cells

The results of enzymatic digestion and sequencing of the 
constructed plasmids demonstrated successful cloning of 
the M1 and NP genes. In order to examine the expression 
of M1 and NP genes in eukaryotic cells, BHK-21 cells were 
transfected simultaneously with the pIRES2/NP, pIRES2/
M1 and pIRESM1/NP plasmids. A plasmid construct for 
expression of the eGFP protein (pIRES2-EGFP) was also 
employed as transfection control. As shown in Fig. 1, the 
successful expression of these genes was confirmed in BHK-
21 cells by immunofluorescence microscopy.
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Evaluation of IFN‑γ‑producing lymphocytes

The results obtained from interferon-gamma ELISpot veri-
fied that all groups that received DNA vaccine exhibited a 
significant cell-mediated response compared to the negative 
control (P = 0.0001). The highest level of interferon-gamma 
production was observed in the bicistronic pIRESM1/NP 
group, the level of which was significantly higher than those 
of the pM1 (P < 0.001) and pNP (P < 0.05) groups. This 
response, however, showed no significant difference when 
compared to group III (pM1+pNP) (P < 0.1). IFN-γ level in 
the group receiving pNP was significantly higher than in the 
group receiving pM1 (P < 0.05). Also, simultaneous injec-
tion of both pNP and pM1 plasmids in group III compared 
to groups pNP and pM1 showed a significantly higher IFN-γ 
level (P < 0.05 and P < 0.001, respectively). These results 
indicated a synergistic antiviral effect of conserved genes in 
producing IFN-γ in groups receiving both genes (groups III 
and IV) (Fig. 2).

Evaluation of granzyme‑B‑producing cytotoxic T 
lymphocytes

The CTL activity of all groups were determined based on 
the level of granzyme-B produced by splenocytes. The over-
all results of granzyme-B ELISpot corroborated the IFN-γ 
results. All DNA vaccine groups had significant granzyme-
B-producing capacity in comparison with the control group 
(P = 0.0001). The bicistronic pIRESM1/NP group produced 
the highest level of granzyme-B, which was significantly 
higher than those of the pM1 (P < 0.001) and pNP (P < 

0.05) groups. In contrast to the IFN-γ results, in which no 
significant difference was seen between groups III and IV, 
the results of granzyme-B ELISpot demonstrated a statisti-
cally significantly higher level of production of this factor in 
group IV (bicistronic PIRESM1/NP) in comparison to group 
III (simultaneous administration of pM1 and pNP plasmids) 
(P < 0.05). The group receiving pNP showed a higher level 
of granzyme-B release when compared to the pM1 group (P 
< 0.05). Also, simultaneous injection of both pNP and pM1 
plasmids in group III compared to groups pNP (P < 0.05) 
and pM1 (P < 0.001) showed significantly higher granzyme-
B release. As mentioned above, the granzyme-B ELISpot 
results also confirmed the synergistic effect of conserved 
genes in releasing granzyme-B in groups receiving both 
genes (groups III and IV). In addition, the co-expression of 
conserved genes from a bicistronic cassette boosted the CTL 
response in comparison to the simultaneous administration 
protocol (Fig. 2).

Synergistic antiviral effect of co‑expressed 
conserved genes in lethal challenge

The DNA vaccines were tested for their ability to provide 
protection against lethal challenge with two different mouse-
adapted influenza A H1N1 and H5N1 viruses (Fig. 2). 
Twelve mice from each group were challenged separately 
with mouse-adapted PR8 and H5N1 virus in two challenge 
groups, each containing six mice. Mortality and clinical 
signs including weight loss and paralysis of posterior limbs 
were monitored for 14 days after challenge. Mice receiving 
pIRESM1/NP showed 100% survival when challenged with 

pM1 pNP                 pM1/NP (An�-M1) pM1/NP(An�-NP)           pIRES2-eGFP mock

Fig. 1  Evaluation of M1 and NP expression in BHK-21 cells. Cells 
were fixed with formaldehyde and made penetrable using Triton 
X-100. In the next step, the cells were treated first with a monoclo-
nal antibody against M1 and NP in separate adjacent wells and then 
treated with a secondary antibody conjugated with FITC. After the 
final washing, the cells were photographed using an inverted fluores-
cence microscope. pM1, cells transfected with pM1 plasmid treated 
with antibody against M1 antigen; pNP, cells transfected with pNP 

plasmid treated with antibody against NP antigen; pM1/NP(Anti-
M1), the cells transfected with pIRESM1/NP plasmid treated with 
antibody against M1 antigen; pM1/NP(Anti-NP); cells transfected 
with pIRESM1/NP plasmid treated with antibody against NP antigen 
(400x magnification, pIRES2-eGFP; EGFP expression in BHK-21 
cells; mock, untransfected cells treated with antibodies against both 
M1 and NP antigens (100x magnification)
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Fig. 2  Evaluation of cell-mediated immunity in DNA-vaccinated 
groups using IFN-γ and Granzyme-B ELISpot assays. (A) Groups of 
mice (22 per group) were injected intradermally with 50 µg of vari-
ous DNA vaccine formulations containing pM1, pNP, pM1+pNP 
and pIRESM1/NP. Splenocytes were harvested 2 weeks after the 
last immunization and re-stimulated in vitro with a mixture of M1 
and NP peptide as described in Materials and methods. (A) The fre-
quency of IFN-γ-secreting T cells per  106  pooled splenocytes in 
each group. Data represent the mean ± SD for five mice. The high-
est level of interferon-gamma production was observed in the bicis-
tronic pIRESM1/NP group, which was significantly higher than in 

the pM1 (P < 0.001) and pNP (P < 0.05) groups. (B) The frequency 
of IFN-γ spots in each immunized group. (C) The frequency of gran-
zyme-B secreting cytolytic T lymphocytes per  106  pooled spleno-
cytes in each group. Data represent the mean ± SD for five mice. In 
contrast to the IFN-γ results, in which no significant difference was 
seen between groups III and IV, the results of granzyme-B ELIS-
pot demonstrated high-level production of this element in group IV 
(bicistronic pIRESM1/NP) in comparison to group III (simultaneous 
administration of pM1 and pNP plasmids) (P < 0.05). (D) The fre-
quency of granzyme-B spots in each immunized group. All samples 
were tested in triplicate
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both PR8 and H5N1. The pM1+pNP-co-administered group 
showed 83% survival against both PR8 and H5N1 infec-
tions. The survival rates in the groups receiving pNP were 
67% and 50% for PR8 and H5N1 challenge, respectively. 
Interestingly, the mice inoculated with pM1 plasmid alone 
failed to develop detectable immunity against either virus, 
and only one mouse survived upon challenge with PR8 and 
H5N1 (17% survival). These data indicate that the bicis-
tronic pIRESM1/NP plasmid can promote full protection 
against lethal challenges. In spite of the low survival rate in 
the pM1 group, the results indicated that addition of pM1 to 
the pNP vaccine formulation could significantly boost the 
survival rate. In contrast, mice in the control groups exhib-
ited severe weight loss (40%) and died within 6–10 days 
post-challenge (P < 0.001) (Fig. 3).

Co‑expression could prevent body weight loss 
after challenge

All vaccinated groups were observed for weight loss after 
challenge. As shown in Fig.  3, mice immunized with 
pIRESM1/NP showed only minor weight loss (3-5%) after 
PR8 and H5N1 virus challenge compared to groups I and II 
and the control group (p < 0.001), while mice vaccinated 
with plasmid pM1 lost weight dramatically by day 8 (p < 
0.001) and all but two died within 8–10 days post-challenge. 
Mice in group pM1+pNP showed more weight loss (8-10%) 
in comparison to the pIRESM1/NP group (3-5%) (p < 0.05). 
The group receiving pNP had moderate weight loss when 
challenged with the H1N1 virus. About 13% of their initial 
weight was lost after 10 days, and they returned to 90% of 
their initial weight at the end of follow-up period. In con-
trast, this group lost more body weight (15%) and had a 
higher mortality rate after H5N1 challenge in the same 
period (p < 0.05). The control group exhibited severe weight 
loss (40%), and these mice died within 6–8 days post-chal-
lenge (p < 0.001) (Fig. 3).

Discussion

Although some investigations have demonstrated the 
cross-neutralizing activity of the highly variable antigens 
of influenza virus, HA and NA, more and more attempts 
have been made to evaluate the cross-protection capability 
of conserved antigens like M1, M2 and NP [9–19, 42–46]. 
Following infection by an influenza virus, NP is the main 
antigen recognized by host cytotoxic T lymphocytes (CTLs). 
Infected cells presenting NP peptides are then destroyed by 
CTL responses [47]. Accordingly, cross-reactive cytolytic 
T lymphocytes against the NP antigen are assumed to be a 
key factor in destroying infected cells and could be impor-
tant for developing a universal influenza vaccine [43]. Some 

studies have shown that inoculation with an M1, M2, or NP 
DNA vaccine alone does not promote adequate protection 
against lethal challenge with influenza virus, but immuniza-
tion with a mixture of plasmids (co-administration) encod-
ing conserved genes might provide better protection [9, 48]. 
Considering the inability of M1 and NP proteins to elicit 
neutralizing antibodies, it seems that the protective immu-
nity is mediated mainly by the cytolytic activity of CTLs in 
destroying infected cells and non-neutralizing functions of 
specific antibodies.

Several influenza A virus DNA vaccine studies have 
involved the incorporation of different antigens and the use 
of various administration protocols. Epstein et al. studied a 
DNA vaccine protocol using NP and matrix antigens from an 
H1N1 virus. After vaccination, mice were challenged with 
A/H5N1 viruses of low, intermediate, and high lethality. A 
group of mice that were co-administered NP and M DNA 
plasmids showed a reduction in replication of a nonlethal 
H5N1 strain, and they were protected against lethal chal-
lenge with a more virulent strain [45]. Chen et al. demon-
strated that co-administration of M1-expressing plasmid 
along with an NP plasmid could improve the vaccine pro-
tection efficiency and increase the survival rate against het-
erosubtypic challenge [10]. Donnelly et al. tested a fusion 
genetic vaccine comprising HA, M1, and NP genes from 
different strains of influenza virus. Their results confirmed 
the effectiveness of the candidate vaccine in protecting 
animals against heterosubtypic lethal challenge [35]. Jeon 
et al. constructed a polytope genetic vaccine containing 
selected sequences from HA (B cell epitope) and NP (Th 
cell epitope and  CD8+ T cell epitope), flanked by the Sal-
monella flagellin protein. The vaccinated animals showed 
protection against a lethal challenge with different subtypes 
of influenza virus [36].

Currently, more than six clinical trials of DNA vac-
cines for influenza virus are being carried out and most of 
these vaccines are administered parenterally. For instance, 
in 2009, a DNA vaccine began the first phase of a clinical 
trial in which Vaxfectin, was produced by Vical Co., sup-
ported by the U.S. National Institute of Allergy and Infec-
tious Diseases, as an adjuvant to combat avian influenza 
[49]. Another universal influenza vaccine is MVA-NP+M1, 
which is a modified vaccinia virus Ankara (MVA) vector-
based candidate vaccine [29]. Administration of this can-
didate vaccine showed good safety in humans and induced 
strong immune responses 6 months after immunization. 
The safety and immunogenicity of the candidate influenza 
vaccine MVA-NP+M1 co-administered with the seasonal 
influenza vaccine were also confirmed [50–52].

As mentioned above, great efforts have been made since 
1993 to design a heterologous vaccine capable of induc-
ing either full or partial immunity against all of the influ-
enza virus subtypes [53]. However, for quite a long time, 



DNA vaccination against influenza virus

1 3

Fig. 3  The DNA vaccine was 
tested for its ability to pro-
vide protection against lethal 
challenge with two different 
influenza A viruses, and mice 
were monitored for survival 
and weight loss for 14 days. 
Administration of pIRESM1/
NP resulted in 100% protection 
against lethal challenge with 
both PR8 (A) and H5N1 (B) 
viruses, as analyzed by log-rank 
test. The mice inoculated with 
pM1 plasmid alone failed to 
develop notable immunity 
against either virus, and only 
one mouse survived upon chal-
lenge with PR8 and H5N1 (17% 
survival). Body weight was 
monitored for all mice for 14 
days after challenge with PR8 
virus (C) and H5N1 (D). Mice 
immunized with pIRESM1/NP 
showed only minor weight loss 
(3-5%) after H1N1 and H5N1 
virus challenge compared to 
other groups
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the only investigations of genetic vaccines have involved for 
simultaneous administration of M, M1, M2, M2e and NP 
genes or designing a construct containing a multi-epitope 
for producing across-protective humoral or CTL response in 
animal models [29–36, 54]. No genetic vaccine studies on 
co-expression of these conserved genes for candidate uni-
versal influenza vaccines have been published previously. To 
the best of our knowledge, this is the first work in which an 
IRES-based genetic vaccine was used to express two influ-
enza virus genes that are most likely to be cross-protective 
of, M1 and NP. The vector employed in this study was a 
bicistronic plasmid produced by Clontech Laboratories 
Inc. (Palo Alto, CA) under the commercial name “pIRES2-
EGFP”. According to the manufacturer, the vector used in 
this study allows the equal expression of two cloned genes 
in the multiple cloning site (MCS) and next to internal ribo-
some entry site (IRES). The selected positions for cloning 
of the two selected genes were the MCS and next to the 
IRES sequence for M1 and NP, respectively. Furthermore, 
a strong Kozak sequence was used to achieve a high rate of 
expression of the NP protein.

In the present study, mice were immunized with a bicis-
tronic pIRESM1/NP construct intended to provide a com-
petitive immune response and protection levels, and the 
results were compared to those obtained with a group in 
which these genes were co-administered using two con-
structs. Our results demonstrated that administration of pM1 
plasmid alone could not prevent viral infection and symp-
toms, and only partial protection against lethal challenge 
was achieved. Previous investigations of the effectiveness of 
M1-based genetic vaccines have led to controversial results. 
Some of them found that this gene is able to induce potent 
cell-mediated immunity [10], while others found that M1 
failed to produce a noticeable immune response [55]. The 
results obtained with the NP group suggests that this formu-
lation is able to provide partial immunity against different 
lethal virus challenges. Previously, NP-based vaccines of 
various forms have been developed, including DNA vac-
cines of different designs, genetically engineered recom-
binant vaccines based on insect baculovirus expression or 
prokaryotic expression, and virus-vectored vaccines [56]. 
All of these experimental vaccines could induce a certain 
level of immune response that is effective against heterolo-
gous subtypes, but the degree of cross-protection was not yet 
satisfactory. Like some previous investigations, our results 
suggest that the combination of M1 and NP antigens could 
synergistically increase cell-mediated immunity against 
conserved influenza virus antigens. In addition, the level 
of the immune response in mice receiving pIRESM1/NP 
demonstrated increased immunogenicity in vitro and in vivo 
in comparison to a co-administration protocol. Our results 
indicated that immunization with bicistronic pIRESM1/NP 
plasmids increased the percentage of granzyme-B producing 

 CD8+ cells more than immunization with pM1+pNP, pNP 
and pM1 DNA. The bicistronic vector produced a stronger 
gamma-interferon-producing  CD8+ cellular immune 
response in comparison to the other groups, but the results 
were not statistically significant when compared to the 
groups in which co-administration of two genes was con-
sidered. In addition, mice inoculated with pIRESM1/NP 
showed full protection against lethal challenge with influ-
enza virus. Therefore, IRES-based co-expression of two 
conserved influenza virus antigens is a potentially applica-
ble, cost-effective and reproducible procedure that should 
be considered in future studies. It appears that the strategy 
of DNA vaccination using constructs in which proteins are 
co-expressed can be employed as a favorable solution for 
providing homologous and heterologous immunity against 
various influenza virus strains and subtypes. A novel NP- 
and M1-co-expressing gene-based vaccine is a successful 
alternative to using a mixture of NP and M1 DNA plasmids. 
In addition, previous studies have shown that co-expression 
allows higher-frequency transduction than co-transduction 
of separate vector systems encoding different genes [38].
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